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We evaluated the hot carrier generation in two-dimensional (2D) silver nanoparticle 
arrays under light illumination at different wavelengths, 458, 532, 671 and 785 nm. The 
2D silver nanoparticle arrays were tailored to match the plasmon resonance to each 
excitation wavelength in order to fulfil the on-resonant condition. We selected para-
aminothiophenol (p-ATP) as a probe molecule, which is chemically transformed into 
4,4’-dimercaptoazobenzene (DMAB) upon light illumination. The reaction is driven by 
hot carriers emitted from plasmonic surface. For evaluation of hot carrier-generation, we 
monitored chemical transformation from p-ATP into DMAB with surface-enhanced 
Raman scattering (SERS). The normalized Raman intensity of DMAB was plotted against 
the total exposure, where the peak intensity increased as the total exposure increased due 
to the increase of the number of DMAB molecules. The saturation of the peak growth 
was observed, representing the chemical transformation was completed, at different 
exposures for each wavelength. The total exposure required for completing the chemical 
transformation was smaller at 458 nm by at least ~105 times than that at 785 nm although 
the difference of the photon energy was only 1.7 times. The growth of the Raman peak 
was related to the laser intensity as well, where the higher laser intensity showed more 
rapid growth. These results indicated that more hot carriers with the sufficient energy for 
the chemical transformation were generated at the shorter excitation wavelength as well 
as at the higher laser intensity.
KEY WORDS
hot carriers, plasmon-mediated chemical reaction, excitation wavelength dependence, 
SERS, on-resonant condition, silver nanoparticle array
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Light is confined at the metallic nanostructures through the coupling to collective 
oscillations of the free-electrons as surface plasmon polaritons (SPPs).1 The nano-
confinement of light enabled unprecedented applications, such as surface-/tip-enhanced 
Raman scattering (SERS/TERS).2-8 It has been also widely recognized that hot carriers, 
which are energetic electrons and holes, are generated in the metallic nanostructures under 
light illumination.9 The generated hot electrons can be monitored as photocurrent, which 
is observed when the incident photon energy exceeds the barrier energy of the 
semiconductor/insulator, with the metallic nanostructures.10,11 For practical applications 
of hot carriers, it is important to understand the density and energetic profiles of the hot 
carriers in metals, which have been numerically studied.12-15 It has been reported that the 
energy distribution and scattering process of the hot carriers generated by SPPs in noble 
metals is different between below and above the interband transition threshold, where 
intraband excitation results in the longer lifetime of hot carriers compared to interband 
excitation.12,13 Decay of the hot electrons was experimentally studied, where the electron-
phonon coupling time was measured for gold nanoparticles by transient absorption 
spectroscopy.16 Clear difference was observed in the relaxation of hot carriers in gold 
nanoparticles between the intraband and the interband excitations although no wavelength 
dependence was observed in each excitation.
Hot electrons are also able to induce chemical reactions, such as oxidation, dissociation 
of hydrogen and so on, at the surface of the metallic nanostructures.17-20 Christopher et 
al. have reported catalytic oxidation such as epoxidation of ethylene on silver nanocubes, 
where the normalized photocatalytic rate depends on plasmon intensity although the 
excitation wavelength dependence of the reaction rate was not clearly observed.17 Many 
attempts have been made to understand the plasmon-mediated chemical reaction with 
SERS enabling the monitoring of the chemical transformation of molecular structure 
when the molecules are bound to the surface. para-Aminothiophenol (p-ATP) has been 
especially studied, which is chemically transformed into 4,4’-dimercaptoazobenzene 
(DMAB) during SERS measurement.21-32 The reaction may depend on the resonant 
condition. For example, Wang et al. have investigated plasmon driven surface catalysis 
reaction of p-ATP to DMAB in Au/Ag nanoparticle-film gaps.26 The SERS 
measurements were performed by excitation wavelength of 532 nm and 633 nm. Their 
results imply more confined energy at the gaps drives the reaction more efficiently due to 
the plasmon resonance. The tendency appeared in both cases of 532 nm and 633 nm 
although wavelength dependence was not clearly explained using substrates with same 
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material and resonant condition. Huang et al. have reported wavelength-dependent SERS 
study on Au film/PATP/Au NP junctions with same incident laser intensity.27 It was 
found that the yield of DMAB is consistent with the order of electric field enhancement 
at the junction. On the other hand, it has been reported that the reaction seems to be 
influenced also by photon energy. Kang et al. reported that the 532 nm excitation laser 
shortened time of the reaction from p-ATP to DMAB compared to the 633 nm excitation, 
where the SERS measurements were performed on the hierarchical Ag microspheres.30 
Dong et al. have reported wavelength-dependent catalytic reaction on Au, Ag and Cu 
films.31 Ye et al. have also investigated the excitation wavelength dependence on gold 
nanorings with the plasmon resonance at 800 nm.32 From those reports, the reaction rate 
tends to slow down as the excitation wavelength increases, in other words, these results 
indicate higher energy photons may drive the plasmon-mediated photocatalysis more 
efficiently, despite the wavelength dependence has not yet been quantified. So, in this 
article, we systematically evaluated the dependence of the hot carrier generation on the 
excitation wavelength at silver nano-surface by monitoring the chemical transformation 
of p-ATP with SERS. The carrier dynamics is different between the interband and 
intraband excitations, and is influenced also by other factors.13,14 The excitation lasers 
were 458, 532, 671 and 785 nm, which were below the interband transition threshold for 
silver.12,13 2D silver nanoparticle (AgNP) arrays were tailored to the individual excitation 
wavelengths, which was “on-resonant” condition, enabling more quantitative discussion 
about the generated hot electrons at the different excitation wavelengths since it is known 
that hot carrier generation is maximized under resonance.10
2. Experimental section
2.1 Fabrication of 2D AgNP array
The 2D AgNP array was tailored to each excitation wavelength without changing the 
size of the AgNPs, as reported elsewhere.33 Silver seed solution was prepared by mixing 
37.5 mL of water, 0.85 mL of AgNO3 aqueous solution (1.0 w/v%), 10.0 mL of trisodium 
citrate aqueous solution (1.0 w/v%) and 1.0 mL of NaBH4 aqueous solution (0.1 w/v%), 
and the mixed solution was kept at 70ºC for an hour. The Ag seed solution (5.0 mL) was 
mixed with 37.5 mL of water and 1.0 mL of trisodium citrate aqueous solution (1.0 w/v%) 
and heated at the boiling point. Furthermore, 0.85 mL of AgNO3 aqueous solution (1.0 
w/v%) was added and heated for an hour. After heating, 1.0 mL of trisodium citrate 
aqueous solution (1.0 w/v%) and 0.85 mL of AgNO3 aqueous solution (1.0 w/v%) were 
added and heated for an hour again, resulting 30-40 nm of AgNPs. The AgNP solution 
was mixed with oil-in-water emulsion prepared with water, n-hexane and decylamine. 
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Instead of decylamine, stearylamine was used for 2D AgNP arrays at 458 nm excitation. 
AgNP array was self-assembled at the interface between n-hexane and water, and it was 
transferred to the glass substrate.
2.2 SERS measurement
2.2.1 SERS sample preparation
p-ATP (97.0%, 1st grade) was purchased from Wako.  p-ATP ethanol solution (1.0 
mM) was prepared as a sample solution. The solution (0.02 mL) was dropped and dried 
on the 2D AgNP array, and then SERS measurement was performed on the AgNP array.
2.2.2 SERS measurements at different laser intensities
SERS spectra of p-ATP were measured at different four excitation lasers, 785 nm, 
671 nm, 532 nm and 458 nm. For 785 nm and 532 nm excitations, the measurements were 
performed with a Raman microscope (NRS-5100, JASCO). The numerical aperture (NA) 
of the objective lens (20X) was 0.45. The SERS spectra were measured with the laser 
intensities estimated as 0.033, 0.33 and 3.3 kW/mm2, respectively. The measuring time 
was 20 s. Similarly, the measurements for 532 nm excitation were performed at the laser 
intensities of 2.3, 23 and 2.3 × 102 W/mm2 and the measuring time of 40 s. For 671 nm 
excitation, the measurements were performed with a Raman microscope (Raman-11, 
Nanophoton). The NA of the objective lens (20X) was 0.75. The excitation laser 
intensities were 0.012, 0.12 and 1.2 kW/mm2 and the measurement time was 5 s. For 458 
nm excitation, we used a home-built micro-Raman spectrometer. Briefly, the beam 
emitting from argon ion laser was expanded and collimated to fill the pupil of an objective 
lens (40X/NA0.6). The objective lens focused the beam on a sample located on an XY 
manual stage. Raman scattering from the sample was collected with the objective lens 
and was guided to a Czerny-Turner spectrometer (SP-2500, Acton), equipped with an 
entrance slit (50 µm in width), a blazed grating (600 lines/mm), and a cooled CCD camera 
(ProEM 16004, Princeton Instruments). Prior to entrance to the spectrometer, the beam 
was filtered with a longwave-pass edge filter. The spectrometer was calibrated by a 
halogen lamp and Raman scattering bands of ethanol in intensity and wavenumber axes, 
respectively. A mechanical shutter was located at the excitation path and was 
synchronized with the CCD camera so that the sample irradiation time and the signal 
accumulation time were fairly regulated. The excitation laser intensities were 4.4, 8.8, 
and 44 W/mm2 and the total exposure time was 2 s.
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2.2.3 Comparison of reaction rate among different excitation SERS measurements
To evaluate the reaction rates, the SERS measurements of p-ATP were iterated at an 
identical position in each measurement condition. Iterations were 30 for 785 nm 
excitation, 10 for 671 nm, 25 for 532 nm and 20 for 458 nm. To understand influence of 
photon density on the reaction rate, we varied laser intensity together with measurement 
time while keeping total exposure (i.e., product of laser intensity and measurement time) 
constant; for 785 nm the laser intensities were 3.30 × 102, 1.65 × 103 and 3.30 × 103 
W/mm2 and the measurement times were 100, 20 and 10 s; for 671 nm the laser intensities 
were 58.0, 1.16 × 102 and 1.16 × 103 W/mm2 and the measurement times were 20, 10 and 
1 s; for 532 nm the laser intensities were 2.6, 26 and 2.6 × 102 W/mm2 and the 
measurement times 10, 1 and 0.1 s; for 458 nm the laser intensities were 4.4, 8.8 and 44 
W/mm2 and the measurement times were 2, 1 and 0.2 s.
2.3 DDA simulation
We used discrete dipole approximation (DDA, ver. 7.3.2) for the simulations of the 
extinction spectra and the electric field distribution on the two-dimensional silver 
nanoparticle (AgNP) array. AgNPs (D = 40 nm) were aligned hexagonally in plane (yz-
plane) with the inter-particle gap, G (6, 4, 2 and 1 nm). The total number of AgNPs was 
fixed to be 30. The distance between each dipole consisting of the AgNP was 1 nm (See 
also SI, SFig. 1). The incident angle of the electromagnetic wave was normal to the AgNP 
array (along the x-axis), where the electric vector was oriented to y-axis. The ambient 
condition was supposed to be vacuum (the refractive index: n = 1). The dielectric function 
of silver was referred to Ref. 34.
3. Result & Discussion
3.1 SERS spectra of p-ATP at 785 nm, 671 nm, 532 nm and 458 nm
Figure 1 shows the extinction spectra of the 2D AgNP arrays on glass substrates used 
as SERS active substrates at 458, 532, 671 and 785 nm. For those substrates, the 
resonance peaks were tailored by controlling the inter-particle gaps although the size 
range of the AgNPs was constant (30-40 nm), e.g., the extinction peaks were red shifted 
approximately to 720 nm by shortening the inter-particle gap for the 671 and 785 nm 
excitations. The extinctions of four films are ~0.19, ~0.56, ~0.66 and ~0.76 at the resonant 
wavelengths of 530 nm, 570 nm, 740 nm and 740 nm, respectively. 
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The plasmon peak of each SERS substrate fairly matched with each excitation 
wavelength and this matching means that all measurements were performed under “on-
resonant” conditions. The extinctions are ~0.15 (~70% in transmittance), ~0.54 (~29% in 
transmittance), ~0.62 (~24% in transmittance) and ~0.74 (~18% in transmittance) at the 
excitation wavelengths of 458 nm, 532 nm, 671 nm and 785 nm, respectively. The 
difference of the extinction was derived from multi-layered structures between 671 and 
785 nm. 
Figure 1. Extinction spectra of SERS active substrates fabricated for different 
excitation wavelengths, 458 (blue), 532 (green), 671 (red) and 785 (magenta) 
nm. Broken lines indicate the excitation wavelengths.
SERS spectra of p-ATP were measured at 458, 532, 671 and 785 nm on 2D AgNP 
array under on-resonant conditions. p-ATP is transparent at the excitation wavelengths 
(See also SI, SFig.2), and this fact indicates that surface-enhanced Raman scattering 
occurred at electronically non-resonant conditions for all the excitation wavelengths. A 
785 nm excitation SERS spectrum of p-ATP measured at 0.033, 0.33 and 3.3 kW/mm2 is 
shown in Fig. 2(a). S-C bond was clearly observed at 1080 cm-1 for all the intensities 
because of the electromagnetic enhancement. Beside this band characteristic for p-ATP, 
other Raman peaks appeared at 1140, 1390 and 1430 cm-1 at 0.33 and 3.3 kW/mm2, 
reflecting the production of DMAB. Furthermore, peak shift was observed from 1590 cm-
1 to 1575 cm-1 as the laser intensities increased, where those peaks at 1590 cm-1 and 1575 
cm-1 are originated from p-ATP and DMAB, respectively.21,35 The peak shift may reflect 
the change in the number of p-ATP. The peak at 1180 cm-1 can be assigned to combination 
of C-N stretching and C-H bending. This peak should be observed in both p-ATP and 
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DMAB.35 Similar measurements were performed at 671 nm excitation, whose results are 
shown in Fig. 2(b). The Raman peaks assigned to DMAB were clearly observed only at 
1.2 kW/mm2.
Figure 2.  SERS spectra of p-ATP measured at (a) 785, (b) 671, (c) 532 and (d) 
458 nm with different laser intensities under on-resonant conditions. The Raman 
peak observed at 1556 cm-1 was derived from atmospheric oxygen.
Figure 2(c) shows the SERS spectra measured at 532 nm excitation. The Raman peaks 
of DMAB were clearly observed even at the laser intensity of 23 W/mm2. Figure 2(d) 
shows the SERS spectra measured at 458 nm excitation. It was confirmed that the peak 
of S-C bond has identical shape as well as other excitations, in spite of the peak appeared 
broad due to small S/N ratio (See also SI, SFig.3). Also, the relative of three peaks at 458 
nm is considerably difference compared to other excitations since DMAB might absorb 
the light at the wavelength of 458 nm due to isomerization, where resonant Raman 
scattering was observed.36 It was found that DMAB was similarly produced even at 4.4 
W/mm2. The reaction seems to be completed at the laser intensity because almost no 
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change was observed in the shape of the Raman spectra at 4.4, 8.8 and 44 W/mm2. From 
these results, it was found that the chemical transformation from p-ATP to DMAB 
occurred for all excitation wavelengths, generating three Raman peaks at 1140, 1390 and 
1430 cm-1. However, the laser intensity more than 0.1 kW/mm2 was required for 
observing the Raman signals with the measuring time of 20 s at 785 nm while several 
W/mm2 was sufficient with the exposure time of 2 s at 458 nm, indicating the generation 
of the Raman peaks were affected by not only the laser intensity but also the excitation 
wavelength.
3.2 Quantitative analysis of SERS peak and hot carrier generation
In the previous section, we showed the chemical transformation from p-ATP to DMAB 
monitored with SERS. p-ATP is transformed into DMAB, and the number of DMAB 
molecules increases according to the exposure, leading to the growth of the Raman peaks 
of DMAB. We focused on the SERS peak of DMAB at 1140 cm-1, and investigated the 
peak growth against the exposure. We iterated SERS measurements of p-ATP at the same 
position, laser intensity, and exposure time. The Raman intensity of DMAB at 1140 cm-
1, I1140, increases because the number of DMAB molecules increases due to the chemical 
transformation as the total exposure increases. The peak intensity was normalized by the 
peak intensity at 1080 cm-1, I1140/I1080, for compensation of the Raman cross-sections 
among the different excitation wavelengths. We chose I1080 as a standard for 
normalization because it is less affected by the chemical reaction since the S-C bond does 
not change before and after the chemical reaction. We expected that as the total exposure 
increases the chemical reaction progresses and consequently I1140/I1080 increased even at 
the same intensity of the excitation laser.
Figure 3 shows the relationships between the total exposure and I1140/I1080 for 785, 671, 
532 and 458 nm excitations. Figure 3(a) shows the results for 785 nm excitation at 330, 
1650 and 3300 W/mm2. It was observed that I1140/I1080 increased according to the total 
exposure, indicating the increase of the number of DMAB molecules through the 
chemical transformation. We changed the exposure time according to the laser intensity 
in order to keep the total exposure constant, as mentioned in the section of 2.2.3. The 
production of DMAB molecules should be same for the all laser intensities because the 
total exposures were constant. However, I1140/I1080 was different at each laser intensity, 
indicating the number of the produced DMAB molecules was different. I1140/I1080 was 
larger for the higher laser intensity. The fact is consistent with previous results.25 Similar 
results were obtained also at 671 and 532 nm excitations, as shown in Fig. 3(b,c). From 
these results, the higher intensity is effective for inducing the chemical reaction. The 
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intensity dependence of the chemical reaction can be explained by competition of the hot 
carrier generation against the relaxation process.9 For 458 nm, I1140/I1080 were almost the 
same, ~2, regardless of laser intensity although the laser intensities were similar to the 
532 nm measurements. The result implied that the chemical transformation seemed to be 
completed even at the first exposure of 4.4 W/mm2.
Figure 3.  Relationship between total exposure and peak intensity at 1140 cm-1 
at different laser intensities for (a) 785 nm, (b) 671 nm, (c) 532 nm and (d) 458 
nm excitations, where I1140 is normalized by I1080.
Saturation of I1140/I1080 indicated completion of the chemical transformation. The 
chemical transformation seemed to be completed at the exposure of 106 Ws/mm2 (3300 
W/mm2) for 785 nm. The laser intensity was reduced to < 260 W/mm2 for 532 nm 
excitation, and the completion of the chemical transformation was observed at 1.0 × 103 
Ws/mm2. For 458 nm, I1140/I1080 seemed to be saturated even at 1.0 × 10 Ws/mm2 (4.4 
W/mm2). These results indicated that the total exposure required for completion of the 
chemical transformation was different at each excitation wavelength, where the required 
exposure was smaller for the shorter wavelength. The required exposure at 458 (2.71 eV) 
nm was smaller by at least ~105 times compared to 785 nm (1.58 eV). The tendency that 
shorter wavelength induces the reaction more efficiently is consistent with previous 
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results.30-32 However, in our case, the wavelength dependence of the reaction was 
evaluated by same AgNPs under on-resonant conditions for all excitation wavelengths. It 
can be said that this is a new finding of wavelength dependence compared with the results 
reported so far. 
3.3 Simulations for electric field enhancement for 458 nm and 532 nm
No wavelength dependence was reported in electron-phonon coupling in intraband 
excitation,16 however, dependence of the reaction rate on the excitation wavelength was 
clearly observed in our experiment. The AgNP size was constant in the experiment, 
therefore, the inter-particle gap was changed for the tuning of the plasmon resonance. It 
is considered that the wider inter-particle gap may lead to deterioration of the hot carrier 
generation because light absorption should be proportional to the square of the electric 
field (E2). Therefore, it may be significant to estimate the electric field at the interparticle 
gaps. Here, we calculated the extinction spectra of the AgNP (40 nm) arrays with different 
inter-particle gap (G= 6, 4, 2 and 1 nm). Furthermore, the field distributions were also 
calculated at each plasmon resonance.
The calculation model is shown in Fig. 4(a) (See also SI, SFig. 1 and SFig. 4). Figure 
4(b) shows the calculated extinction spectra (See also SI, SFig. 4 for the absorption and 
scattering components). The calculated extinction spectra at different Gs have two peaks. 
These peaks reflect the plasmon modes hybridized from electric dipoles induced in each 
AgNPs. 
The extinction peaks were found at 448, 472, 544 and 548 nm for G = 6, 4, 2 and 1 
nm, respectively. The absorption peaks were slightly different from the extinction peaks, 
which were 448, 484, 532 and 576 nm, respectively. These slight differences derive from 
the difference in shape of scattering and absorption spectrum. From comparison with the 
experimental result of the extinction spectrum (Fig. 1), the inter-particle gap was 
estimated to be 2~4 nm for 458 nm excitation.
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Figure 4.  (a) Model for DDA simulation. AgNPs (D = 40 nm) are hexagonally 
aligned in yz-plane. The inter-particle gap (G) was changed at 6, 4, 2 and 1 nm. 
Electric field distributions (|E/E0|2) of AgNP array at x = 5, 10, 15 and 20 nm for 
each G when the array is illuminated by the excitation wavelength at the 
absorption maximum. The scale of each graph is 250 × 250 nm2. (b) Calculated 
extinction spectra at different Gs (6, 4, 2 and 1 nm).
Furthermore, we calculated the field enhancement distribution (|E/E0|2) over the 
whole AgNP array structure at the absorption peaks for each G. Figure 4(a) also shows 
the field distributions in yz-planes at x = 5, 10, 15 and 20 nm, where the bottom and middle 
of the AgNP array are x= 0 and 20 nm, respectively. For G = 4 nm, ~70 fold enhancement 
was achieved at x = 20 nm. For G = 2 nm, the field enhancement increased up to ~100. 
From the calculation result, larger absorption is expected at 532 nm because the 
absorption should be proportional to the square of the electric field. However, the 
experimental results indicated that the hot carriers were generated more efficiently at 458 
nm. The complex permittivity is -11+0.33i at 2.38 eV (521 nm), and -7+0.21i at 2.75 eV 
(450 nm).37 Therefore, the shorter wavelength can penetrate more deeply into the metal. 
From the calculations, it was also found that the area of the higher electric field was larger 
at x = 15 and 10 nm for G = 4 nm compared to G = 2 nm, which may be the origin for 
generating more hot carriers in the metal.
4. Conclusion
In conclusion, we have measured SERS of p-ATP on 2D AgNP array with four 
different excitation wavelengths, 458, 532, 671 and 785 nm, under “on-resonant” 
Page 12 of 17
ACS Paragon Plus Environment






























































conditions. The chemical transformation from p-ATP to DMAB was observed for all 
excitation wavelengths. The Raman peak intensity of DMAB increased as the laser 
intensity increased while the total exposure was kept constant. The hot carriers 
contributing to the chemical reaction could accumulate and the density could increase at 
the higher laser intensity. The Raman peaks of DMAB were observed with much lower 
excitation intensity for 458 nm compared to other excitation wavelengths. We plotted 
I1140/I1080 against the total exposures to estimate the exposure required for completing the 
chemical transformation at 785, 671, 532 and 458 nm excitations. It was found that 
I1140/I1080 was higher for the higher laser intensity. It was also found that the required 
exposure was smaller for the shorter wavelength, and the value was smaller by ~105 times 
for 458 nm compared to 785 nm. For the excitation of 458 and 532 nm, the incident light 
is strongly coupled to the 2D AgNP array, where the large electric field is achieved at the 
nano-gaps. The electric field of 458 nm penetrates more deeply into the metal, which may 
be the origin for the enhancement of the hot carrier generation.
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Total exposure required for the signal saturation of DMAB reveals wavelength 
dependence of hot carrier generation.
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